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Auto-oscillations of magnetization driven by direct spin current have been previously observed in
multiple quasi-zero-dimensional (0D) ferromagnetic systems such as nanomagnets and nanocontacts.
Recently, it was shown that pure spin Hall current can excite coherent auto-oscillatory dynamics in
quasi-one-dimensional (1D) ferromagnetic nanowires but not in quasi-two-dimensional (2D) ferro-
magnetic films. Here we study the 1D to 2D dimensional crossover of current-driven magnetization
dynamics in wire-based Pt/Ni80Fe20 bilayer spin Hall oscillators via varying the wire width. We
find that increasing the wire width results in an increase of the number of excited auto-oscillatory
modes accompanied by a decrease of the amplitude and coherence of each mode. We also observe
a crossover from a hard to a soft onset of the auto-oscillations with increasing the wire width.
The amplitude of auto-oscillations rapidly decreases with increasing temperature suggesting that
interactions of the phase-coherent auto-oscillatory modes with incoherent thermal magnons plays
an important role in suppression of the auto-oscillatory dynamics. Our measurements set the upper
limit on the dimensions of an individual spin Hall oscillator and elucidate the mechanisms leading
to suppression of coherent auto-oscillations with increasing oscillator size.
I. INTRODUCTION
A spin current injected into a ferromagnet applies spin
torque (ST) to its magnetization and can act as effec-
tive negative magnetic damping [1, 2]. At a critical spin
current density, the effective negative damping from spin
torque overcomes the positive natural magnetic damp-
ing of the ferromagnet, which can result in the excitation
of persistent phase-coherent auto-oscillatory dynamics of
magnetization in the GHz frequency range [3–10]. De-
vices based on such auto-oscillations called spin torque
oscillators (STOs) [11] can be used as tunable sources of
microwave radiation [12, 13], spin wave generators and
amplifiers for nanomagnonic applications [14–17], sensors
and magnetic field amplifiers in magnetic recording [18]
and core building blocks of artificial neural networks for
neuromorphic computing, image processing and pattern
recognition [19–21].
Most STOs studied up to date are effectively zero-
dimensional (0D) because the spin current in these de-
vices is applied to a nanometer-scale region of the ferro-
magnet. Examples of such oscillators include (i) nanopil-
lar spin valves [22–27] and nanoscale magnetic tunnel
junctions [12, 28–31], (ii) nanocontacts to magnetic films
and multilayers [32–39] and planar nanoconstriction spin
Hall oscillators (SHOs) [40–42]. It was recently demon-
strated that effectively one-dimensional (1D) SHOs can
be realized in ferromagnetic nanowires where several
low frequency spin wave eigenmodes are simultaneously
driven into large-amplitude auto-oscillations by pure spin
Hall current uniformly applied to a micrometer-scale
active region of the nanowire [43–46]. In contrast to
the 0D and 1D geometries, STOs with effectively two-
dimensional (2D) active region have not been realized.
Brillouin light scattering measurements [47, 48] demon-
strated that spatially uniform injection of spin current
into an extended ferromagnetic film does not result in
excitation of large-amplitude coherent auto-oscillations.
Such suppression of auto-oscillatory dynamics in the 2D
case was attributed to nonlinear coupling among the con-
tinuum of spin wave modes in the spatially extended film
geometry [47]. As a result of such coupling, an increase of
the amplitude of any spin wave mode leads to enhanced
scattering of this mode into the continuum of other spin
wave modes, which prevents any single mode from enter-
ing the regime of large-amplitude auto-oscillations.
In this paper, we experimentally investigate the
crossover between the 1D and 2D SHO geometries in
order to elucidate the mechanisms responsible for sup-
pression of coherent auto-oscillatory dynamics in the 2D
limit. We study the current-driven [49–59] dynamics in
SHOs made from bilayers of Pt and Permalloy (Py =
Ni80Fe20) where the anti-damping spin Hall current [60–
70] generated in Pt is injected into the Py layer. The
1D to 2D crossover is realized via varying the wire width
from the nanometer- to the micrometer-scale dimensions.
Quite surprisingly, we find that there is an optimal wire
width that maximizes the amplitude and coherence of
the auto-oscillatory dynamics. Our measurements reveal
that the number of auto-oscillatory modes increases with
increasing the wire width beyond the optimal, while their
amplitude and phase coherence [71] both decrease. A
similar result was found in a recent independent unpub-
lished study [72]. We find that the transition between
the large-amplitude coherent auto-oscillatory dynamics
in the 1D geometry and the small-amplitude incoherent
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FIG. 1. (a) Schematic of Pt/Py/AlOx wire SHO device. Five devices with the wire width varying from 0.17 µm to 2.11 µm
were studied. The active region length is 1.9 µm for all devices. Green arrows schematically show the electric current flow
direction. (b) Scanning electron micrograph of the 0.51 µm wide SHO device. The magnetic field is applied in the plane of
the sample at an angle θ with respect to the charge current flow direction. (c) Change in resistance of the five samples with
different wire widths measured at 4.2 K for magnetic field applied at 5◦ off the y−axis (θ = 85◦). (d) Saturation field Hsat of
the wire for magnetic field applied at θ = 85◦ as a function of the wire width (solid line is guide to the eye).
dynamics in the 2D geometry is a continuous crossover.
We also report measurements of the auto-oscillatory dy-
namics as a function of temperature, and observe a rapid
decrease of the amplitude of auto-oscillations with in-
creasing temperature, which points to the important
role of the auto-oscillatory mode scattering on thermal
magnons in limiting the amplitude and coherence of the
auto-oscillations.
II. EXPERIMENTAL TECHNIQUES
A. Samples and magnetoresistance
The Pt/Py wire samples are patterned using e-beam
lithography and ion milling from a (c-plane sapphire
substrate)/Pt(6 nm)/Py(5 nm)/AlOx(2 nm) multilayer
grown by magnetron sputtering. The wires of five differ-
ent widths w: 0.17 µm, 0.35 µm, 0.53 µm, 1.07 µm and
2.11 µm and the length of 40 µm are studied. Two Ti(10
nm)/Au(40 nm) leads for application of electric current
bias to the middle section of the wire are patterned atop
the wire as shown in Figures 1(a) and 1(b). The 1.9 µm
long middle section of the Pt/Py wire between the leads
defines the active region of the wire SHO, where the elec-
tric current and the spin Hall current densities are much
higher than those under the leads.
Due to the spin Hall effect [73, 74], the electric cur-
rent in the Pt layer generates a transverse spin current
that flows perpendicular to the sample plane and is in-
jected into the Py layer. The spin polarization vector
of this current is in the sample plane perpendicular to
the wire axis (θ = 90◦ as shown in Fig. 1(b)). In our
measurements, the wire is magnetized in the plane of the
sample by a magnetic field applied at an angle θ with
respect to the wire axis as illustrated in Fig. 1(b). ST
from the spin Hall current applied to the Py magnetiza-
tion can act as negative magnetic damping. Specifically,
the component of the spin current polarization parallel to
the magnetization gives rise to the antidamping ST [75–
78], which results in the maximum antidamping action
of ST at θ = 90◦. When the antidamping ST exceeds
the natural magnetic damping of Py [79, 80], it can ex-
cite auto-oscillatory dynamics of the Py magnetization
[3, 40, 81].
Fig. 1(c) shows the field dependent change in resistance
∆R of five samples, differing from each other by the wire
width, measured as a function of magnetic fieldH applied
in the sample plane nearly perpendicular to the wire axis
(θ = 85◦) at a small bias current and a bath temper-
ature of T = 4.2 K. The observed field dependence of
resistance ∆R(H) arises from anisotropic magnetoresis-
tance (AMR) [82, 83] of Py, for which the resistance of
the sample is maximum Rmax when the magnetization
is parallel to the electric current direction and is mini-
mum Rmin when magnetization is perpendicular to the
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FIG. 2. (a) Power spectral density (PSD) of the microwave signal generated by the 1.07 µm wide Pt/Py/AlOx wire SHO
at the bias current density Jdc = 2.0 × 108 A cm−2, bath temperature T = 4.2 K and magnetic field H = 470 Oe applied at
5◦ from y−axis (θ = 85◦). Three auto-oscillatory modes are excited. The non-Lorentzian peak lineshapes are mainly due to
standing waves in the microwave circuit. (b–f) Microwave emission spectra versus Jdc for five wires of different widths measured
in fields exceeding Hsat by approximately 100 Oe and applied at θ = 85
◦. The logarithmic color scale represents the emitted
power normalized to the maximum power Pmax. The wire widths and the applied field values are shown in the figures. The low
frequency edge mode is seen for narrower wires (0.17 µm and 0.34 µm wide). The higher frequency bulk modes are observed
in wider wires (0.34 µm, 0.53 µm, 1.07 µm and 2.11 µm wide).
electric current. The 5◦ offset of applied magnetic field
from θ = 90◦ is used to produce a measureable microwave
emission signal, as described in the next section, due to
the angular dependence of AMR. The magnitude of the
AMR signal ∆RAMR = Rmax − Rmin decreases with in-
creasing width of the wire because of the decreasing wire
resistance R. The in-plane shape anisotropy field Ha of
the Py wire is approximately equal to the AMR satu-
ration field Hsat in Fig. 1(c). Fig. 1(d) shows the wire
width dependence of Hsat defined as the field for which
R = Rmin + 0.05 ∆RAMR. The saturation field Hsat in-
creases with decreasing wire width due to the enhanced
demagnetization field in narrower wires [84]. We note
that in the transversely magnetized nanowire geometry,
the demagnetizing field is spatially non-uniform and is
much larger near the wire edges compared to the wire
center. For this reason, magnetization in the wire center
saturates in the direction of the applied field at signifi-
cantly smaller applied field (bulk saturation field) com-
pared to the field required to saturate magnetization at
the wire edge (edge saturation field) [85, 86]. Since the
characteristic length scale of the edge demagnetizing field
localization is similar to the wire thickness [86], and the
width of all our wires significantly exceeds their thickness,
magnetization of a large fraction of our wire saturates at
a field close to the bulk saturation field. For this reason,
Hsat defined above is similar to the bulk saturation field.
B. Microwave emission measurements
To study the auto-oscillatory magnetic dynamics ex-
cited by spin Hall current, we saturate magnetization
of the wire in the plane of the sample by a magnetic
field H > Hsat, apply a direct electric current Idc to the
wire and measure the microwave signal generated by the
device using a spectrum analyzer [3]. The microwave
voltage Vac ∼ IdcδRac is generated by the AMR resis-
tance oscillations δRac arising from the magnetization
auto-oscillations of the Py layer [87].
Fig. 2 illustrates the spectral properties of the mi-
crowave signals generated by the Pt/Py wire devices as
a function of direct electric current density Jdc applied
to the wire at the sample bath temperature T = 4.2 K
and θ = 85◦. Here the charge current density Jdc is
defined as direct current bias Idc divided by the cross-
4sectional area of the Pt/Py bilayer wire. To facilitate di-
rect comparison among the wires of different widths, the
measurements in Fig. 2 are made at magnetic field values
exceeding the width-dependent saturation field Hsat(w)
by approximately 100 Oe. This ensures approximate spa-
tial uniformity of the wire’s saturation magnetization and
similarity of the internal magnetic fields among the wires
of different widths [86]. Fig. 2(a) shows a typical mi-
crowave emission spectrum measured for the 1.07 µm
wide wire device at Jdc = 2.0×108 A cm−2 and H = 470
Oe. The spectrum shows multiple peaks, which demon-
strates that auto-oscillations of several spin wave modes
of the device are excited at this value of Jdc. Quantitative
analysis of the spectral linewidth and lineshape of these
peaks is complicated by the presence of standing waves in
the microwave circuitry, which manifest themselves as os-
cillatory modulation of the spectral peak amplitude seen
for the peak at 5.3 GHz.
Figs. 2(b)–2(f) show the microwave emission spectra
generated by five Pt/Py wire devices with different wire
widths as a function of Jdc. For the 0.17 µm wide wire
(Fig. 2(b)), a single low-frequency mode is observed. The
frequency of this mode first increases and then decreases
with current [88], and the spectral line of this mode is
relatively broad. Previous studies of the Pt/Py nanowire
SHOs [43] revealed that this low-frequency mode is the
edge mode (EM) whose amplitude is maximum at the
wire edge. This mode is created by a spatially inho-
mogeneous demagnetizing field, which creates magnetic
potential wells for spin waves near the edges of a trans-
versely magnetized wire [86, 89–91]. Since this mode is
confined to a relatively small volume near the wire edges,
random thermal torques are expected to significantly in-
crease the spectral linewidth of this mode [7] compared
to the bulk modes that occupy the entire active region.
The wire edge roughness and the magnetic material in-
homogeneities caused by ion mill damage and oxidation
of the edge may also contribute to the line broadening of
the EM [85].
The EM auto-oscillations are also excited in the 0.34
µm wide wire (Fig. 2(c)) but this mode generates less mi-
crowave power in comparison to the 0.17 µm wire. This
can be explained by the smaller volume fraction occupied
by the EM in the 0.34 µm wire, and does not imply that
the amplitude of the EM auto-oscillations in the wider
wire is lower than that in the narrower wire. In addition
to the EM, two higher frequency auto-oscillatory modes
are excited in the 0.34 µm wire. Such high frequency
modes with narrow spectral linewidths have been previ-
ously identified as bulk spin wave modes (BM), whose
amplitudes are maximum near the center of the wire
[43, 86]. The existence of multiple BM with a discrete
set of eigenfrequencies [92] is a result of geometric con-
finement of the magnetic oscillations to the SHO active
region. The confinement along the wire width is provided
by the geometric edges of the wire. The confinement
along the wire length may arise from two sources: (i) a
current-induced Oersted field that opposes the applied
field for the current polarity generating anti-damping ST
in the Pt/Py system [43] and (ii) a step-wise change of the
effective magnetic damping at the boundaries between
the active region and the electric leads. All observed
BMs exhibit red frequency shifts with increasing current
that arises from several factors: (i) reduction of the Py
saturation magnetization via ohmic heating and short-
wavelength magnon generation by ST [47], (ii) Oersted
field from the electric current in the Pt layer and (iii)
nonlinear frequency shift due to increase of the mode
amplitude with increasing current [7, 93, 94].
For the 0.53 µm wire (Fig. 2(d)), auto-oscillatory dy-
namics of the the EM are no longer detected. This, how-
ever, does not imply that the EM is not excited. As
the volume fraction of the active region occupied by the
EM becomes smaller, more of the applied current flow-
ing in the ferromagnet shunts through the bulk of the
wire and the microwave signal generated by magnetiza-
tion oscillations at the wire edge falls below the detection
threshold of our measurement setup. It is interesting to
note that for this wire width, auto-oscillations of the low-
est frequency BM are excited with large amplitude while
the amplitude of the higher frequency BMs is negligibly
small compared to that of the lowest frequency BM. At
this wire width, the Pt/Py wire SHO behaves nearly as
a single-mode microwave signal generator. As we discuss
below, this single-mode behavior gives rise to the highest
microwave power generated among all SHOs studied in
this paper.
Further increase of the Pt/Py wire width results in
excitation of the auto-oscillatory dynamics of multiple
BMs. The number of the excited BM increases with in-
creasing wire width, as illustrated in Fig. 2(e) for the
1.07 µm wide wire and Fig. 2(f) for the 2.11 µm wide
wire, while the amplitude of auto-oscillations of each
mode decreases. The precipitous decrease of the auto-
oscillation amplitude with increasing wire width is illus-
trated in Fig. 3, which shows integrated microwave power
generated by the auto-oscillatory modes. Fig. 3(a) shows
the total integrated power in all BMs of a wire Pb as a
function of the applied current density Jdc. This figure
demonstrates that the critical current for the excitation
of the auto-oscillatory dynamics Jc ≈ 2× 108 A cm−2 is
nearly independent on the wire width. For all wires, the
integrated microwave power first increases with increas-
ing current above Jc and then decreases after reaching a
maximum at a current density Jmax. Fig. 3(a) also shows
that the onset of the auto-oscillations becomes softer as
the wire width increases. Indeed, the current interval be-
tween Jc and Jmax is ≈ 0.5×107 A cm−2 for the 0.34 µm
wide wire while it is ≈ 2.5× 107 A cm−2 for the 2.11 µm
wide wire.
We also find that the maximum integrated microwave
power generated by the wire is a non-monotonic function
of the wire width. Fig. 3(b) shows the maximum total
integrated power generated by all BMs of a wire Pbt as a
function of the wire width. The power first increases with
the wire width reaching the value of 26 pW for the 0.53
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FIG. 3. (a) Integrated microwave power emitted by all bulk modes of the wire Pb versus bias current density Jdc. The data is
shown for all four wires exhibiting bulk mode auto-oscillations. (b) Maximum value of the integrated microwave power emitted
by all bulk modes of the wire Pbt as a function of the wire width. (c) Maximum integrated power of the largest-amplitude bulk
mode Pbl as a function of the wire width.
µm wide wire and then rather precipitously decreases
with increasing width. Comparison of this figure with
Fig. 2 clearly shows that the maximum power is achieved
in the 0.53 µm wide wire that exhibits single-mode auto-
oscillatory dynamics. Fig. 3(c) illustrates that the power
generated by the largest-amplitude BM Pbl shows a simi-
lar trend to that in Fig. 3(b). However the decrease of the
largest-amplitude BM power with increasing wire width
is even more rapid than that in Fig. 3(b).
The data in Fig. 2 and Fig. 3 clearly show that co-
herent auto-oscillatory dynamics of magnetization are
rapidly suppressed as the wire width increases into the
micrometer-scale range. The data demonstrate that
the crossover between coherent large-amplitude auto-
oscillatory dynamics in 1D nanowires and incoherent
small-amplitude dynamics in 2D microwires proceeds via
a gradual increase of the number of spin wave modes
participating in the auto-oscillatory dynamics accompa-
nied by a rapid decrease of the maximum amplitude of
auto-oscillations achievable by each of these modes.
C. Brillouin light scattering
We employ micro-Brillouin light scattering (BLS) [48]
to directly measure the spatial profiles of the auto-
oscillatory modes at room temperature (T = 300 K). Fig.
4(a) shows optical micrograph of the 1.07 µm wide wire
device. The Pt/Py wire and the Ti/Au leads are marked
in this image. The image also shows the laser beam of the
BLS setup focused on one edge of the wire active region.
Fig. 4(b) shows the BLS spectrum measured at this laser
beam position. The frequency resolution of the BLS ap-
paratus is ∼ 0.1 GHz. The data are taken at a current
density Jdc = 9.77 × 107 A cm−2 exceeding the critical
density for excitation of the auto-oscillatory dynamics at
room temperature. The measurement is made in 495 Oe
magnetic field applied in the plane of the sample nearly
perpendicular to the wire axis (θ = 87◦). Two peaks are
visible in the spectrum. Spectral mapping of the BLS
signal intensity at center frequencies of these peaks al-
lows us to determine the spatial profiles of the excited
auto-oscillatory modes.
Fig. 4(c) shows the BLS signal intensity measured
at the center frequency of the low-frequency peak f =
4.3 GHz as a function of the laser beam position. The
rectangular frame on this figure outlines the contour of
the active region of the device. It is clear from Fig. 4(c)
that the low-frequency auto-oscillatory mode is the edge
mode of the sample (labeled as edge mode in Fig. 4(b)).
It is interesting to note that the amplitude of this mode at
one edge exceeds that at the other edge. This symmetry
breaking may result from different edge roughness of the
two edges [85]. Fig. 4(d) shows the BLS signal intensity
measured at the center frequency of the high-frequency
peak f = 5.6 GHz as a function of the laser beam posi-
tion. This figure reveals that the high frequency mode
is the bulk mode of the wire (labeled as bulk mode in
Fig. 4(b)).
D. Micromagnetic simulations
In order to understand the types of auto-oscillatory
modes excited in our microwave emission and BLS ex-
periments, we perform micromagnetic simulations of
current-driven magnetization dynamics in the 1.07 µm
wide wire at zero temperature (T = 0 K). The simu-
lations are carried out using the Object Oriented Mi-
cromagnetic Framework (OOMMF) [95] using previ-
ously determined magnetic parameters of the Py film
on Pt underlayer [43, 91]: saturation magnetization 620
emu cm−3, exchange constant 5 × 10−12 J m−1. We as-
sume a Gilbert damping constant α = 0.01. We micro-
magnetically simulate the current-driven auto-oscillatory
magnetic dynamics via application of the anti-damping
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FIG. 4. Brillouin light scattering characterization of auto-oscillatory modes of the 1.07 µm wide wire device at room
temperature (T = 300 K). (a) Optical micrograph of the devices showing Pt/Py wire, Ti/Au leads and laser spot of the BLS
apparatus focused on one edge of the active region of the device. (b) BLS spectrum measured at the laser beam position at
the edge of the active region shown in (a) for Jdc = 9.77× 107 A cm−2 and H = 495 Oe applied at θ = 87◦. Spatially resolved
BLS allows to reveal the origin of the excitations: (c) Spatial profile of the BLS signal intensity at f = 4.3 GHz – the center
frequency of the low-frequency peak (edge mode). The rectangle denotes the approximate location of the active region of the
device. This BLS spectral mapping reveals that this auto-oscillatory mode is an edge spin wave mode of the wire. (d) Spatial
profile of the BLS signal intensity at f = 5.6 GHz – the center frequency of the high-frequency peak (bulk mode). This BLS
spectral mapping reveals that this auto-oscillatory mode is a bulk spin wave mode of the wire.
spin Hall torque to the active region of the Pt/Py wire
device. We then record the spatial and time dependence
of the normalized magnetization component along the
wire axis mx (t) over the active region.
We simulate a wire of 4 µm total length with a 1.9 µm
active region in the center. The Py layer is divided into
5×5×5 nm3 micromagnetic cells. In the active region, we
apply an in-plane Oersted field HOe = 36 Oe parallel the
y-axis, which corresponds to a room-temperature critical
current density in the Pt layer of JPtc = 9.5×107 A cm−2
[46]. This Oersted field opposes the external magnetic
field and creates a magnetic potential well for spin waves,
resulting in the localization of the auto-oscillations within
the active region. In the active region, we also apply an-
tidamping spin Hall torque with spin Hall angle θSH pa-
rameterizing the conversion of charge current in Pt into
transverse spin current injected from Pt into Py. We vary
the spin Hall angle and observe the clear emergence of
auto-oscillatory behavior at spin Hall angles exceeding
the critical value θcSH = 0.044. We report simulation re-
sults just above this critical angle (θSH = 0.045 > θ
c
SH) to
analyze the auto-oscillatory behavior at a current density
exceeding the critical current density by approximately
2 %.
The spectra of auto-oscillatory dynamics are calculated
via fast Fourier transforms (FFT) of the x-component
of the dynamic magnetization mx (t) in the active re-
gion. However, in order to compare the simulated spec-
tra with the microwave emission and BLS experiments,
we must consider that the two measurements are sen-
sitive to mx (t) in different ways. For the electrically
detected emission experiment, the spin Hall oscillator
output power PSHO is proportional to the square of the
dynamic magnetoresistance oscillations δRac, which are
approximately proportional to the average mx (t) in the
active region [43],
PSHO ∝ δR2ac ∝ 〈mx〉2. (1)
Therefore to simulate the emission spectra, we first take
the global average of mx (t) in the active region and then
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take the square of the FFT spectra. Out-of-phase magne-
tization dynamics in different regions of SHO contribute
destructively to δRac, and thus PSHO = 0 does not prove
the absence of auto-oscillations. The BLS experiment,
on the other hand, is sensitive to the total magnon pop-
ulation and the BLS signal is proportional to the square
of the dynamic magnetization. Therefore to emulate the
BLS spectra, we calculate the square of the FFT spectra
for each micromagnetic region cell-by-cell and then take
the average; in this manner we simulate the BLS peak
intensity,
IBLS ∝ 〈m2x〉. (2)
We note that Eq.(2) is only a qualitative estimate because
the BLS peak intensity also depends on the wave vector
of the spin wave and drops to zero above a critical value
of the wave vector [96].
Fig. 5 shows the micromagnetic simulation spectrum
for the 1.07 µm wide wire in an external in-plane field
of H = 470 Oe applied 5◦ from the y-axis (θ = 85◦).
Fig. 5(a) shows the global average spectrum simulating
the microwave emission experiment and reveals that two
clusters of large amplitude peaks, one just above 4.5 GHz
and one just above 5.0 GHz, are simultaneously excited
above the critical current. Fig. 5(b) shows the cell-by-cell
average spectrum to be compared to the BLS data.
Figs. 6(a)–6(i) show the amplitude and phase spatial
profiles of the modes labeled a–e in Fig. 5(a) and f–i in
Fig. 5(b). The amplitude spatial profiles of the modes
lack mirror symmetry due to the 5◦ misalignment of the
applied field with the in-plane normal to the wire. No-
tably, all these modes are localized within the active re-
gion of the wire. For the peak cluster just above 4.5 GHz,
the spatial profiles reveal the largest amplitude peaks, la-
beled a and b, correspond to edge modes. Spatial profiles
reveal that the peaks above 5 GHz, labeled c–i, corre-
spond to bulk modes [86]. Note that the amplitude scale
is set equal for Figs. 6(a)–6(e), 6(h), and 6(i), while the
scale for Figs. 6(f) and 6(g) is 12.5× larger. Owing to the
large FFT amplitude occupying a significant area of the
active region, one might expect modes f and g to have
a larger amplitude relative to peaks a-e in the emission
spectrum shown in Fig. 5(a). However, as shown in the
corresponding phase profiles, alternating anti-nodes have
dynamics that are out of phase which significantly re-
duces contribution to the global average of the dynamic
magnetization. The simulated 〈m2x〉 spectrum, being in-
sensitive to phase, does indeed show the largest ampli-
tude peaks for modes f and g. We note, however, that
the wavelength of the modes g-i is similar to the criti-
cal wavelength of the BLS setup and thus measured BLS
signal intensities from these modes can be reduced com-
pared to those in Fig. 5(b) [96]. In contrast, mode f has
a wavelength significantly longer than the critical wave-
length and thus we expect it to be the highest-intensity
mode seen by BLS.
In order to understand how the auto-oscillatory modes
are related to spin wave eigenmodes of the nanowire,
we use micromagnetic simulations to calculate the spin
wave eigenmode spectrum and spatial profiles. In these
simulations, we apply the same Oersted field in the ac-
tive region, but the spin Hall torque is turned off, ef-
fectively keeping the system the same but with no anti-
damping torque. An out-of-plane magnetic field pulse
of small amplitude hsinc = 5 Oe and having a time-
dependent profile described by the sine cardinal function
hsincsinc(t) = hsinc sin(2pifct)/(2pifct) is applied to the
wire. As a result, all spin wave eigenmodes of the wire
with frequencies below the cutoff frequency fc = 20 GHz
are excited by the pulse [97, 98]. We then perform FFT
of the x-component of the dynamic magnetization mx (t)
to obtain the spectrum of spin wave eigenmodes shown
in Fig. 5(c).
Fig. 5(c) reveals a similar grouping of spin wave eigen-
modes into two clusters at similar frequencies as the auto-
oscillatory modes shown in Fig. 5(a). The amplitude spa-
tial profiles of the largest amplitude peaks j–l are shown
in Figs. 6(j)–6(l). The near 4.5 GHz edge mode profiles
of auto-oscillatory modes a and b are similar to that of
spin wave eigenmode j. We observe a similar match with
the 5 GHz auto-oscillatory bulk modes c-e to that of spin
wave eigenmode k. However, we do not observe an auto-
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FIG. 6. Micromagnetic simulations of spin wave spatial profiles in the 1.07 µm wide wire. Amplitude (top) and phase (bottom)
spatial profiles are shown for the auto-oscillatory modes with frequencies: (a) 4.551 (b) 4.609, (c) 5.117, (d) 5.156, (e) 5.195, (f)
5.518, (g) 5.771, (h) 5.840, and (i) 5.928 GHz. The amplitude scales for (a)–(e), (h), and (i) are the same, while the scales for (f)
and (g) are 12.5 times larger. Amplitude (top) and phase (bottom) spatial profiles for spin wave eigenmodes with frequencies:
(j) 4.644, (k) 5.132, and (l) 5.176 GHz. Individual panel labels correspond to the peaks labeled a–l in Fig. 5.
9oscillatory mode that matches well with the bulk spin
wave eigenmode l.
III. RESULTS AND DISCUSSION
A. Comparison of microwave emission, BLS, and
micromagnetic simulations
Comparing the spin wave eigenmodes and auto-
oscillatory modes predicted by micromagnetic simula-
tions to the experimental data provided by electrically
detected microwave emission and Brillouin light scatter-
ing, we find both qualitative agreement and apparent
discrepancies for the 1.07 µm wire. In both the mi-
cromagnetic simulations and BLS data, we observe edge
modes near 4.5 GHz. In both spectra, mode amplitudes
are smaller than the dominant modes above 5 GHz. In
the microwave emission measurements, however, we do
not clearly detect modes near 4.5 GHz. As stated be-
fore, this discrepancy may be attributed to the fraction
of the active region occupied by the edge mode being
too small to generate microwave signal above our instru-
ment’s noise floor. This is supported by the data for
narrower wires, where edge modes occupying a larger vol-
ume fraction of the active region are clearly observed in
the microwave emission spectra near 4.5 GHz. Addition-
ally, edge roughness or damage may lead to varying edge
anisotropy and/or current distributions that significantly
affect the mode profile and excitation, which is not as-
sumed in micromagnetic simulation [85]. The amplitude
asymmetry of the 4.5 GHz edge mode as detected by BLS
(Fig. 4(c)) indicates that the two edges of the nanowire
are in fact not identical.
All the data show large excitation of magnetization
dynamics at frequencies just above 5 GHz. Electrically
detected emission measurements and auto-oscillatory mi-
cromagnetic simulations show a similar grouping of peaks
in this region, while only one peak can be resolved by the
BLS experiment. Spatial profiles from both micromag-
netic simulations and BLS indicate these are bulk modes.
The micromagnetic simulations indicate that the bulk
mode making dominant contribution to the microwave
emission exhibits maximum amplitude relatively far from
the middle of the wire, while the BLS data indicate that
the majority of the bulk of the nanowire is excited by
spin Hall torque.
To understand this apparent discrepancy, we must con-
sider that BLS is sensitive to the total population of
magnons. In micro-Brillouin light scattering, the in-
creased spatial resolution is accompanied with a com-
promised resolution in momentum space. As a range of
of wavevectors contribute to a given measurement, the
frequency resolution is reduced. We find that higher-
order bulk modes, which lead to negligible amplitude in
microwave emission due to phase cancellations, can lead
to large amplitude in BLS spectra. Simulations predict
that higher frequencies should actually dominate the BLS
spectra compared to the emission spectra, see Figs. 5(a)
and 5(b). In fact this is what we observe experimen-
tally; the BLS spectrum in Fig. 4(b) appears shifted to
higher frequency compared to the emission spectrum in
Fig. 2(a). Particularly, according to simulation results,
the BLS spectrum should have two dominant peaks near
5.52 and 5.77 GHz, labeled f and g in Fig. 5(b) (although
the BLS intensity of the 5.77 GHz mode is expected to
be reduced due to its relatively short wavelength). How-
ever, due to the experimental resolution of ∼ 0.1 GHz
and thermal broadening of linewidths, we detect a single
broad peak centered about 5.6 GHz. These higher-order
bulk modes fill a larger area of the active region as shown
Figs. 6(f)–6(i). Therefore we expect the BLS spatial pro-
file taken at 5.6 GHz to be a convolution of modes in
Figs. 6(f) and 6(g) filling the entire active region, consis-
tent with the BLS data in Fig. 4(b).
The micromagnetic simulations yield reasonable in-
sight into the observed discrepancies between the spectra
for microwave emission and BLS experiments. We find
that the two experiments have different sensitivity to dif-
ferent auto-oscillatory modes. The microwave emission
measurement is sensitive to phase cancellations and we
find that in-phase bulk modes localized away from the
wire center are the dominant source of the generated mi-
crowave signal. BLS is sensitive to the number of excited
magnons and, therefore, bulk modes excited with large
amplitude dominate the BLS signal.
B. Angular and temperature dependence of
microwave emission
In order to better understand the factors that deter-
mine spectral properties of the microwave signal gener-
ated by the SHOs, we make measurements of the emit-
ted microwave signal as a function of bath temperature.
Fig. 7(a) shows the dependence of the total microwave
power emitted by all bulk modes Pbt of the 0.53 µm
wide wire device versus bath temperature measured at
H = 750 Oe and θ = 85◦. The generated power monoton-
ically decreases with increasing bath temperature, drop-
ping by nearly two orders of magnitude between 4.2 K
and 295 K. At the same time, the critical current density
for the onset of auto-oscillatory dynamics Jc decreases
by approximately a factor of two.
The precipitous decrease of the coherent microwave
signal generated by the SHO with increasing tempera-
ture points to the important role played by incoherent
thermal magnons in limiting the amplitude of coherent
auto-oscillatory dynamics. Since the rate of non-linear
magnon-magnon scattering processes generally increases
with increasing magnon population [99], the rate of
scattering from large-amplitude coherent auto-oscillatory
modes into incoherent magnon modes increases with in-
creasing thermal population of the incoherent modes.
This leads to a significant decrease of the amplitude of the
auto-oscillatory modes as observed in our measurements.
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FIG. 7. Temperature and angular dependence of auto-oscillatory dynamics in the 0.53 µm wide wire device. (a) Critical
current density Jc (blue circles) and integrated power Pbt (red squares) versus bath temperature measured at H = 750 Oe and
θ = 85◦. (b) Critical current density (blue circles) and maximum emitted power Pbt (red squares) versus in-plane magnetic
field angle θ measured at bath temperature of 56 K and magnetic field H = 1900 Oe.
In the confined geometry studied in present work, both
resonant and non-resonant nonlinear magnon scattering
processes are important [100–102]. A detailed theoret-
ical model is required for a quantitative explanation of
the observed strong temperature dependence of the am-
plitude of auto-oscillations.
The generated microwave power Pbt and the critical
current density Jc depend not only on the temperature
of the ferromagnet, but also on the magnitude and direc-
tion of the applied magnetic field H. In agreement with
the general theory of spin torque oscillators [7], we find
the critical current density to increase with increasing
magnitude of in-plane magnetic field as well as with in-
creasing angle between magnetization and spin Hall cur-
rent polarization |90◦ − θ|.
Fig. 7(b) shows the measured dependence of Jc and Pbt
on the in-plane applied magnetic field direction θ for the
0.53 µm wide wire device. For these measurements, we
employ a 1.9 kOe magnetic field that is large enough to
ensure collinearity of the magnetization with the applied
field direction. The critical current due to the antidamp-
ing spin Hall torque is expected to increase with angle
between magnetization and spin Hall current polariza-
tion as Jc0/ cos(90
◦− θ), where Jc0 is the critical current
density for magnetization parallel to the spin Hall cur-
rent polarization. The data in Fig. 7(b) are qualitatively
consistent with this expression.
The angular dependence of the generated microwave
power Pbt(θ) shown in Fig. 7(b) is governed by two fac-
tors: (i) the angular dependence of AMR: R = Rmin +
∆RAMR cos
2(θ), which results in the maximum efficiency
of conversion of magnetization oscillations into resistance
oscillations for magnetization making a 45◦ angle with re-
spect to the electric current direction and (ii) the angu-
lar dependence of the critical current density Jc(θ). The
data for Pbt(θ) in Fig. 7(b) exhibit a maximum for θ be-
tween 60◦ and 50◦. This angle of the maximum emitted
power deviates from 45◦ because of the angular depen-
dence of the critical current density. Indeed, rotation of
the magnetization away from the y−axis (θ = 90◦) in-
creases the critical current, as shown by the blue circles
in Fig. 7(b), which may result in a decrease of the emitted
power at a fixed value of Jdc.
IV. SUMMARY
This work provides a systematic experimental investi-
gation of the 1D to 2D dimensional crossover of current-
driven auto-oscillatory dynamics in spin torque oscilla-
tors. We study such auto-oscillatory dynamics in a se-
ries of Pt/Py wire-based spin Hall oscillator devices with
varying wire width. Our measurements reveal graduate
disappearance of coherent auto-oscillatory dynamics with
increasing wire width. This crossover proceeds via in-
crease of the number of auto-oscillatory modes with in-
creasing wire width in conjunction with a rapid decrease
of the maximum amplitude of auto-oscillations reached
by each of the modes. This decrease of the amplitude of
auto-oscillatory modes can be explained by mode compe-
tition for the total angular momentum provided by the
spin Hall current and by nonlinear interactions among
spin wave modes, which limit the amplitude of each of the
modes. Temperature-dependent measurements reveal a
precipitous decrease of the amplitude of auto-oscillatory
dynamics with increasing sample temperature. We as-
cribe this decrease to nonlinear scattering of coherent
auto-oscillatory modes on incoherent thermal magnons.
The amplitude of this nonlinear scattering process in-
creases with temperature due to an increase of the inco-
herent magnon population.
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